Abstract. High resolution scanning transmission electron microscope (HRSTEM) imaging and electron energy loss spectroscopy spectrum imaging (EELS SI) methods have been successfully applied to the analysis of (Bi 0.85 Nd 0.15 )(Fe 0.9 Ti 0.1 )O 3 (BNFT) ceramics. The atomic scale structural and chemistry of defects in these ceramics have been determined, leading to the discovery of a new class of Nd-rich nanoprecipitates in these ceramics.
Introduction
In recent years, BeFeO 3 (BFO), which is the only multiferroic material possessing magnetoelectric effects at room temperature, has gained considerable attention. At room temperature, BFO has rhombohedrally distorted ABO 3 perovskite-like structure with R3c symmetry. Below the Curie temperature (T c ! 830 º C), BFO is ferroelectric [1] . Neutron diffraction measurements [2] show that BFO is antiferromagnetic (AFM) below Neel temperature (T N ! 370ºC) with a G-type ordering along [001] h (where h=hexagonal) with each Fe 3+ magnetic ion surrounded by six Fe 3+ nearest neighbours with anti-parallel magnetic moments. High resolution neutron diffraction studies [3] and line-shape analysis of nuclear magnetic resonance spectra [4] have confirmed that this G-type AFM is actually modified by a long-range cycloidal spiral modulation in the [110] h direction with a period, " = 620Å. Due to this space modulated spin structure (SMSS), it is difficult to observe the linear magnetoelectric effect (ME) in BFO, and recent studies focused on using rare earth A-site doping to suppress the SMSS by stabilising a collinear AFM structure [5] [6] [7] [8] [9] . In addition to the suppression of the SMSS, part substitutions of Bi 3+ can also minimise the occurrence of oxygen or bismuth vacancies, together with secondary phases [7] [8] [9] . However, the leakage current caused by charged vacancies is still too high for the A-site doped BFO to be used as a dielectric or ferroelectric, and recent work has used A and B site co-doping to reduce the conductivity. [10] [11] [12] [13] . Kalantari et al. [10] 2. Experimental details BNFT ceramics were prepared at the University of Sheffield using conventional mixed oxide synthesis [10] . Samples for transmission electron microscopy (TEM) were prepared by conventional methods culminating in ion milling with a Gatan precision ion-polishing system. TEM samples were also coated with a few nm of carbon on both sides to prevent charging from electron beam. Areas for study by HRSTEM were identified using FEI Tecnai T20 operated at 200 kV with images and diffraction patterns recorded using an Olympus SIS Megaview III camera. HRSTEM was performed at the SuperSTEM laboratory using a Nion UltraSTEM equipped with a 3 rd generation quadrupole-octupole C s -corrector and a Gatan Enfina spectrometer operating at an accelerating voltage of 100 kV. Both high angle annular dark field (HAADF) and EEL-SI data were taken from the same areas of the sample. The beam convergence semiangle and spectrometer collection semiangle were set at 30mrad and 31mrad, respectively. The SI data was post-processed by principal component analysis (PCA) [14] using the MSA (multivariate statistical analysis) plug-in for Digital Micrograph prior to the generation of the elemental maps to remove random noise from the spectra. A low pass filter consisting of the following matrix was used on the final elemental maps to remove a little more noise:
Results, Analysis and Discussion
A dark field TEM image and its related diffraction pattern along the [001] p direction of one area of interest are shown in Figures 1(a) and 1b) , respectively. The diffraction pattern of Figure 1(b) shows that the structure of BNFT is still the PbZrO 3 -like structure as reported in Ref. [15] , even if the quadrupled reflections between the strong perovskite sublattice reflections are somewhat streaky and diffuse. The dark field image of Figure 1a In order to determine the structure of the defects quantitatively and thereby to build accurate defect models, the atom positions were determined by the following procedure. Firstly, series of HAADF images were taken with very short dwell times of 5%s for each pixel, to reduce the effects of drift on individual images; figure 2(a) is one slice of such an image series. In order to enhance the image contrast and suppress the noise, spatial drift correction was performed on the image series using a specially designed plug-in for Digital Micrograph [16] ; figure 2(b) is a sum of the images after spatial drift correction. The positions of the intensity peaks for the A-site columns are determined using a specific image-processing tool entitled iMtools [17] . The peak position list is then exported to a spreadsheet to do the data processing. In order to determine the A-site atoms positions as accurately as possible, horizontal and shear corrections were carried out on the atomic position data, since the original image is slightly distorted due to imperfections and miscalibrations in the scanning system. This can be seen in the image as a distortion of the simple square perovskite cell. Atomic resolution EELS SI and elemental maps have been carried out with one of these 8-atom defects. Figure 4 shows the elemental maps after PCA has been applied to the original spectrum image to remove random noise and after application of a weak low pass filter to remove remaining random noise. These maps show that the two central atoms are very rich in Nd while the B-site ions like Fe are strongly depleted in the defect core, Ti is also enriched on some B-site columns at the edges of the defect. Although there is some contrast in the oxygen map, this mainly corresponds to signal depletion due to heavy scattering by the very high Z A-site columns, where there is no oxygen, thus there is little information in the map about oxygen distribution within the defect. The form of defects is likely to be nanorod precipitates since the columns are clearly defined and totally different from the surrounding perovskite lattice in images such as in Figure 4 . Early evidence from side view images suggests that these defects have lengths of about 5 nm. 
Conclusion
These fascinating, and previously unknown, structures of nanorod precipitates show us that they are clearly results of the co-doping of Nd and Ti. The nanorod precipitates act as sinks for excess Nd beyond the solid solubility limit, but also attract some Ti. As stated in the introduction, the purpose of doping with Nd and Ti is to compensate oxygen vacancies due to the volatility of Bi or the partial reduction of Fe 3+ to Fe 2+ . In this study, however, it is clearly shown that over-doping with Ti and Nd together has destabilized the structure of the material, resulting in the formation of a high density of Nd-rich nanorod precipitates, as shown in Figure 1 (c). The precipitation of Nd together with the segregation of Ti reduces the fraction of these elements in solid solution in the perovskite phase, and thus the influence of doping on properties is likely to deviate from linearity, which may partly explain why T C decreases non-linearly with increasing Ti doping as was observed by Kalantari et al. [10] 
